The ontogeny of the proboscis in Nucella lapillus was investigated using light and scanning electron microscopy.
INTRODUCTION
The modification of the anterior part of the gastropod foregut to produce the proboscis is one of the most striking developments in the evolution of carnivorous prosobranchs. It may be regarded as one of the key evolutionary innovations accounting for the diversification of the group.
The anatomy of the various proboscis types has been investigated by Amaudrut (1898) , Carriker (1943) , Smith (1967) , Greene and Kohn (1989) and Medinskaya (1992) and is summarised by Taylor and Morris (1988) and Taylor, Kantor and Sysoev (1993) . There are three major proboscis types found amongst prosobranch gastropods (Fig. 1) ; the acrembolic type, found in some Neotaenioglossa; the pleurembolic type which occurs amongst higher neotaenioglossan species (for example, the Tonnoidea) and also in the Neogastropoda (for example the Muricoidea and Cancellarioidea); and finally, the intraembolic type which is found in the family Pseudolividae (Kantor, 1991) and (he neogastropod superfamily Conoidea. The intraembolic proboscis has been found to be highly variable in structure (Taylor, Kantor & Sysoev, 1993) .
The pleurembolic proboscis is described as an elongation of the pre-tentacular region of the head (Amaudrut, 1898) . When retracted, it lies within a cavity called the rhynchocoel, whose walls are formed from the body wall of the retracted proboscis. The opening of the rhynchocoel is called the rhynchostome and it can usually be closed by means of a sphincter muscle. The proboscis retractor muscles are inserted into the proboscis wall about half-way along its length so that when they contract, the mid-section of the proboscis is drawn into the rhynchocoel first.
Whilst the gross structure of the pleurembolic proboscis found in the Neotaenioglossa and Neogastropoda is the same, the arrangement of the foregut differs. In a neotaenioglossan (Fig. IB) , the mid-oesophagus lies wholly posterior to the nerve ring and the oseophageal loop, which is formed when the proboscis retracts, consists entirely of the anterior oesophagus. The ducts of the acinous salivary glands, which lie lateral to the dorsal folds in the walls of the anterior oesophagus, pass through the nerve ring and the salivary glands therefore lie posterior to it.
In the neogastropod foregut (Fig. 1C) , the whole of the anterior oesophagus together with the anterior-most part of the mid-oesophagus (the valve of Leiblein) lies anterior to the Taylor and Morris, 1988) nerve ring. As a result, the ducts of the acinous salivary glands do not pass through the nerve ring (although the glands may lie behind the level of the nerve ring since they can grow around it posteriorly). Authors often refer to the ducts as lying outside the nerve ring.
On the basis of these, and other differences, Graham (1941) proposed that evolution of the proboscis involved a progressive elongation of the snout, this in turn exerted traction on the oesophagus, resulting in its elongation to form the length necessary to allow extension of the proboscis. In the neogastropods, it was considered that the growth rate of the anterior oesophagus was insufficient to keep pace with the elongation of the proboscis and as a result, the anterior oesophagus and the valve of Leiblein (together with the acinous salivary glands and their ducts) were pulled through the nerve ring.
Amaudrut (1898) and Graham (1941) also suggested that the mid-oesophageal gland was stripped from the ventral surface of the midoesophagus during its passage through the nerve ring, since it was too bulky to fit through the narrow aperture. In support of this hypothesis, Graham (1941) suggested that a line of scar tissue which runs along the morphologically mid-ventral line of the oesophagus marks the site where the glandular tissue was stripped from the mid-oesophagus. This led to a ventral migration of the dorsal folds to fill the region previously occupied by the ventral part of the mid-oesophagus and, in combination with hypertrophy of the dorsal folds ( = glande framboise^ of Amaudrut, 1898) , resulted in the highly modified mid-oesophagus found in the muricoidean neogastropods. He was also able to show that the organisation of the ventral folds and the walls of the duct of the gland of Leiblein suggested that the gland was folded backwards over the posterior part of the mid-oesophagus.
This suite of hypotheses has formed the basis for most discussions of the evolution of the neogastropod mid-oesophagus and proboscis, yet they have never been examined in detail. It should be possible to test these hypotheses by investigating the ontogeny of the proboscis in a typical proboscidiferous gastropod. However, there have been few detailed accounts of the ontogeny of proboscidiferous gastropods and fewer still which consider the development of the proboscis (Table 1 ) in any detail.
The objectives of the present study were to describe the stage by stage ontogenetic development of the proboscis in a typical muricoidean. Nucella lapillus (Linnaeus, 1758), which has encapsulated development and whose early developmental stages have been investigated in detail by Stockmann-Bosbach (1988) , was chosen as an ideal subject. Stockmann-Bosbach (1988) sub-divided the pretorsional development into 5 distinct stages according to clearly defined criteria. A further 6 post-torsional stages were recognised and described by Ball (1994) and are here referred to as Stages 6-11. These stages have been used as the temporal framework for the description of organ development in the foregut.
METHODS
Egg capsules were collected from the inter-tidal shoreline at Hayle Bay near Polzeath, Cornwall. Fretter(1969; 1972 ) Fretter& Graham (1994 Abro (1969) Fretter (1969; 1972 ) Fretter & Graham (1994 Portmann (1925) Portmann & Sandemeier (1965 ) Portmann (1955 ) Fioroni & Portmann (1968 The embryos were dissected out using iridectomy scissors and the approximate stage of their development was estimated using a binocular microscope. The embryos were narcotised using a dilute solution of propylene phenoxytol added to a beaker of seawater containing embryos. The concentration was increased until partial narcotisation occurred, at which point the beaker was left undisturbed for several hours and then further propylene phenoxytol was added to a final dilution of approximately 1% in seawater.
Embryos were fixed with 3% glutaraldehyde in 0.1 m Sorenson's phosphate buffered saline (PBS) whose osmolarity was raised to approximately that of seawater with 2.5% sodium chloride. After fixation, the specimens were washed in 0.1 M PBS (with 2.5% sodium chloride) and then post-fixed for 45 minutes in 1% osmium tetroxide in 0.1 m PBS and 2.5% sodium chloride.
The embryos were decalcified over a period of 12-48 hrs using saturated aqueous EDTA and dehydrated through an ascending graded ethanol series.
Specimens for SEM were critical-point dried, mounted on polished aluminium stubs using Araldite, and sputter-coated with gold palladium.
Specimens for light microscopy were embedded in TAAB resin and serial-sectioned at 1 fim using an ultra-microtome and 6 mm glass knives.
Computer generated reconstructions were made from camera lucida drawings (at 1-4 u.m intervals) of transverse serial sections, using Jandell Scientific's POD software.
In addition to the protocol described above, some specimens were treated with an approximately 0.1% solution of Carboryl (an insecticide) dissolved in acetone. This solution was dropped into a beaker of seawater containing several late stage embryos. This treatment causes the embryos to evert their proboscides. Careful addition of propylene phenoxytol was followed by routine fixation to yield specimens which were fixed with their proboscides protracted.
RESULTS
A diagrammatic summary of the post-torsional development of Nucella lapillus is given in Figures 2 and 3. The proboscis develops as a result of the elongation of the snout and invagination of the body wall forms the rhynchocoel. The process begins during Stage 6 (Figs 2A, 3A) , the first post-torsional stage of larval development, and continues throughout the encapsulated stages.
The first stage in proboscis development is the formation of a short snout with the mouth at its apex (Figs 2B, 3B). At first, the oral tube is short and the buccal cavity lies close to the mouth, but as a result of elongation of the body wall surrounding the mouth, combined with growth in the length of the oral tube, the buccal cavity comes to lie at the base of the snout. The snout becomes surrounded by four shallow invaginations which form the anlagen of the rhynchocoel. These invaginations form dorso-and ventro-laterally to the snout and the dorsal pair are initially slightly deeper than the ventral pair. As the embryo grows, the invaginations increase in depth and merge laterally to form a continuous cavity which surrounds the snout.
When this process is complete (by the end of stage 7), the veliger effectively possesses a short proboscis lying within a sheath. The proboscis is not yet functional since it is still linked to the body wall laterally, at a position which corresponds to that of the velum (Fig. 4A) . When the velum is resorbed, the stage 8 embryo develops deeper, lateral, rhynchocoelic invaginations and the proboscis becomes capable of extension and retraction (Figs 4C and 4D) .
Reconstructions of contracted late stage 7
Figure 2. Diagrammatic lateral view of the development of the foregut and the proboscis. Foregut: A. Stage 6, the buccal mass has developed, the accessory salivary glands arise from the ventral lip and the acinous salivary glands from the buccal wall; B. Stage 7, the valve of Leiblein lies posterior to the cerebral commissure, the acinous salivary glands pass dorsal to the buccal commissure whilst the radular sac passes ventral to it; C Stage 8, the valve of Leiblein, acinous salivary glands and radular sac lie anterior to the nerve ring. The radular sac starts to fold antero-ventrally and the gland of Leiblein evaginates; D. Stage 9, the glandular dorsal folds have differentiated and pass into the antero-ventral part of the gland of Leiblein. The radular sac passes dorsally between the acinous salivary gland and the wall of the valve of Leiblein; E. Stage 11, the glandular dorsal folds no longer enter the gland of Leiblein, the anterior oesophageal loop has formed and the radular sac coils dorsal to the valve of Leiblein.
Proboscis: A. Shallow invaginations mark the rudiments of the proboscis sheath; B. The snout elongates to form the proboscis; C The dorsal proboscis sheath is shallower than the ventral invagination r but the proboscis is capable of eversion; D. The rhynchocoel has become much larger as a result of the increase in depth of the proboscis sheath invaginations; E. The oesophageal loop has developed as a result of the elongation of the anterior oesophagus and the proboscis is fully functional. embryos show that the oesophagus is thrown into folds (Fig. 5) . These are absent in relaxed specimens and suggest that the oesophagus shows some capacity to react to changes in the length of the head/foot. Contracted stage 8 embryos show similar folding in the oesophagus, and this slack is probably sufficient to allow the protraction of the proboscis, which at this stage is relatively short, without damaging the gut wall ( Figs 4C, 4D and 5). The anterior oesophageal loop develops slowly throughout subsequent stages of development as the anterior oesophagus continues to elongate. By the end of development it is thrown into a flattened double fold which is displaced to one side by the inner end of the proboscis and the proboscis retractor muscles (Fig. 3E) . The elongation of the proboscis has profound effects on the development of the foregut. The most significant of these is the change in position of the valve of Leiblein (which marks the anterior limit of the mid-oesophagus) relative to the circum-oesophageal nerve ring. When it first differentiates and becomes recognisable, during stage 7, the valve of Leiblein lies posterior to the nerve ring (Figs 2B and 3B). As the snout elongates to form the proboscis, the valve of Leiblein is drawn anteriorly through the nerve ring. In relaxed stage 8 embryos it lies in front of the cerebral commissure which marks the anterior limit of the nerve ring (Figs 2C, 3C and 5). Interpretation of contracted embryos at this stage is difficult, but when the proboscis is retracted, the valve of Leiblein appears to lie within the circum-oesophageal ganglia (which form the dorsal part of the nerve ring), although it remains anterior to the cerebral commissure (Fig. 6B) . The elongation of the proboscis appears to be the major influence on the definitive position of the valve of Leiblein.
The relative size and appearance of the ganglia which form the circum-oesophageal nerve ring (the cerebral, pleural and pedal ganglia) in the embryo are very different from that of the adult. During the earlier stages of development (stages 6 and 7), the ganglia are very much larger relative to the oesophagus than in the adult (Fig. 5) , and there is therefore a relatively larger aperture through the centre of the nerve ring than later in development. During stage 7 and the early part of stage 8, the oesophagus is narrow enough to pass freely through the nerve ring (Fig. 6) . The ganglia grow in size as they develop, and the internal diameter of the nerve ring is consequently reduced. Similarly, as the valve of Leiblein grows, the external diameter of the oesophagus exceeds the diameter of the aperture of the nerve ring. Thus by stage 9, a mechanism has developed which locks the valve of Leiblein into a position anterior to the nerve ring. Furthermore, the increase in the diameter of the oesophagus posterior to the nerve ring, as a result of the development of the glandular dorsal folds and the gland of Leiblein, prevents any other part of the mid-oesophagus from moving forwards (Fig. 6B) .
The development of the proboscis also affects the definitive position of the acinous salivary glands and the radular sac relative to the nerve ring. Due to their posteriorlydirected growth during stage 6, the terminal limits of the radular sac and the ducts of the acinous salivary glands lie behind the nerve ring during stage 7 (Fig. 5) . As the oesophagus is drawn anteriorly during stage 8, the acinous salivary glands and the radular sac also move forward so that they come to lie in their definitive positions, anterior to the nerve ring (Figs 4 and 5).
The anatomy of the adult proboscis in the related species Urosalpinx cinerea (Muricidae) has been described in detail by Carriker (1943) , but it is worth noting that most of the features of the adult proboscis are present by stage 8 in the encapsulated development of Nucella. The proboscis has a pronounced peristomium (Fig. 4D ) and this region is studded with sensory ciliary bundles. During the remainder of the encapsulated developmental stages, the proboscis enlarges in length and size, and in a juvenile, with a shell length of approximately 5 mm, the proboscis has clearly grown in both length and girth relative to the tentacles. 
DISCUSSION

The development of the proboscis in Nucella
The elongation of the snout to form the proboscis during the ontogeny of Nucella has direct and profound effects on the arrangement of the foregut and these were broadly predicted by Graham (1941) . The definitive adult positions of the valve of Leiblein, the acinous salivary glands and the radular sac do not become fixed until late in development. The line of 'scar' tissue in the mid-oesophagus has been shown to be a result of the failure of the ventral part of the oesophagus to differentiate during the course of development (Ball, 1994) . It does not mark the site where the gland of Leiblein was stripped from the oesophagus as Graham (1941) proposed (see also Ponder, 1973 for example). In Nucella, the path of the ventral strip bends around the wall of the valve of Leiblein, indicating the point in the oesophagus where torsion has taken place (Graham, 1941) . However, the site of the torsion relative to the nerve ring in the adult differs from that of early embryos (stage 7, for example) due to the passage of the valve of Leiblein through the nerve ring as the proboscis elongates. The point in the oesophagus where torsion occurs in the adult is therefore a useful phylogenetic character. The site of torsion relative to the nerve ring may not be reliable unless the ontogeny of the foregut is understood, since it may change during development.
The development of the proboscis in other neogastropods
There have been no specific studies of proboscis development in neogastropods, although the development of several neogastropod species has been investigated by Portmann (1925; 1955) , Portmann and Sandmeier (1964) and Fioroni and Portmann (1968) . These studies illustrate, but do not describe in detail, the development of the proboscis. Portmann (1925) ; Portmann and Sandmeier (1965) (Muricidae) . Their figures show that in Buccinum, the proboscis first appears as an elongation of the body wall, with dorsal and ventral invaginations marking the rudiments of the rhynchocoel. In later stages of development, the proboscis sheath extends to cover the proboscis, forming the rhynchocoelic cavity.
The proboscis of Fusus syracusanus (Fasciolariidae) also appears to develop by a combination of growth in the body wall surrounding the mouth, combined with invagination to form the rhynchocoel (Portmann, 1955; Fioroni & Portmann, 1968) . Proboscis development in Nucella and Murex was not illustrated. Abro (1969) (summarised by Fretter (1969 Fretter ( , 1972 and Fretter and Graham (1994) ), investigated the development of Nassarius incrassatus (Nassariidae). His description of proboscis development in this species differs from all other accounts for he described the origin of the valve of Leiblein, anterior oesophagus, buccal cavity, radular sac and proboscis from a diverticulum of a tube (which leads from the mouth to the stomach) which he called the larval oesophagus. Fioroni (1965) showed that in Nassarius (N. mutabilis and N. reticulatus) the buccal cavity was derived from the radular diverticulum, as in other neogastropods. Fretter and Graham (1994) describe the development of this part of the gut (on the basis of Abro's (1969) description) as 'so unusual and so little known, however, that the holomogies are best taken as doubtful. ' Abro (1969) used hot fixatives without first relaxing his embryos and his figures show that the specimens were contracted. It is possible that he may have misinterpreted his material as a result of this distortion, combined with the normal shrinkage which occurs through the use of paraffin sections.
Evolution of proboscis types
The development of the proboscis in Nucella suggests that the diversity of proboscis types found within the Neogastropoda may have a common origin and the observed variation may be due to the effects of heterochrony acting upon a few key regions of the foregut.
Significant features in the development of the proboscis in Nucella include the initial elongation of the oral tube during the formation of the snout, the anterior movement of the buccal mass from the base of the proboscis into its tip and the anterior movement of the mid-oesophagus during the elongation of the proboscis. The elongation of the anterior oesophagus to provide the length necessary for extension of the proboscis occurs late in development.
A Stage 7 Nucella embryo has a 'neotaenioglossan' type foregut arrangement since the mid-oesophagus and the posterior limits of the ducts of the acinous salivary glands and radular sac lie behind to the nerve ring ( Figs 2B and 4) . This mosaic of neogastropod autapomorphies with a 'neotaenioglossan' foregut arrangement represents an important stage in development, since it represents the point where modification of the developmental sequence, perhaps through heterochrony, could produce the different proboscis types observed among the neogastropods.
From comparative studies of adult morphologies, Kantor (1995) proposed a hypothetical neogastropod archetype in which the buccal mass lies at the base of a very short proboscis and the odontophoral retractor muscles passed through the circumoesophageal nerve ring (as they do in neotaenioglossans and some neogastropods) to join the columellar muscle. This arrangement is very similar to a Stage 7 Nucella embryo ( Figs 2B, 3B) .
After Stage 7, the Nucella embryo becomes strongly 'neogastropod' in its foregut arrangement ( Figs 2C, 3C and 4) . Growth of the proboscis draws the foregut anteriorly and pulls the anterior-most part of the mid-oesophagus (the valve of Leiblein), salivary glands and radular sac through the nerve ring. During this stage, the growth of the oral tube also stops and the buccal mass becomes 'fixed' at the tip of the proboscis.
Stage 8 therefore represents another important phase in development. If proboscis elongation in Nucella were confined to the region anterior to the buccal mass and combined with continued invagination of the rhynchocoel, this would result in a proboscis anatomy similar to that of the Conoidea (Fig. 1) , where elongation of the oral tube appears to have led to the formation of the proboscis. This mix of characters; an intraembolic proboscis superimposed upon a 'muricid-type' foregut, with a distinct valve and gland of Leiblein, is found in Benthobia tryoni (Dall, 1889) (Pseudolividae), (Kantor, 1991; 1995) .
There are no published accounts of the ontogeny of either the Pseudolividae or members of the Conoidea, so the possibility that the intraembolic proboscis type might develop via a modification of the sequence which produces the pleurembolic proboscis in Nucella has not yet been tested.
However, the idea that all of the proboscis types found in the Neogastropoda can be derived from the 'least derived' pleurembolic proboscis is attractive, since it supports the hypothesis that the neogastropods were derived from the Neotaenioglossa before the evolution of the proboscis (Graham, 1941; Ponder, 1973; Taylor & Morris, 1988) . The development of the proboscis and foregut in Nucella may be seen as evidence to support this hypothesis, since it suggests a mechanism whereby the muricid foregut may have evolved from the neotaenioglossan foregut.
Further elaboration of the proboscis and foregut through changes in the timing, or suppression of the development of key parts of the oesophagus and proboscis may have been responsible for the very high diversity in the anatomy of the neogastropod foregut. This idea should be tested by observations of the development of the foregut in the more derived members of the Neogastropoda. 
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